Schizophrenia (SZ) is a highly heritable disease with neurodevelopmental origins and significant functional brain network dysfunction. Functional network is heavily influenced by neurodevelopment processes and can be characterized by the degree of segregation and integration. This study examines functional segregation and integration in SZ and their first-degree relatives (high risk [HR]) to better understand the dynamic changes in vulnerability and resiliency, and disease markers. Resting-state functional magnetic resonance imaging data acquired from 137 SZ, 89 HR, and 210 healthy controls (HCs). Small-worldness σ was computed at voxel level to quantify balance between segregation and integration. Interregional functional associations were examined based on Euclidean distance between regions and reflect degree of segregation and integration. Distance strength maps were used to localize regions of altered distance-based functional connectivity. σ was significantly decreased in SZ compared to HC, with no differences in high risk (HR). In three-group comparison, significant differences were noted in short-range connectivity (primarily in the primary sensory, motor and their association cortices, and the thalamus) and medium/long-range connectivity (in the prefrontal cortices [PFCs]). Decreased short-and increased medium/long-range connectivity was found in SZ. Decreased short-range connectivity was seen in SZ and HR, while HR had decreased medium/long-range connectivity.
| INTRODUCTION
Schizophrenia (SZ) is a highly heritable disease with significant dysfunction within the functional brain network (Fornito, Zalesky, & Breakspear, 2015; Insel, 2010) . Human brain functional network has two major fundamental organizational principles: segregation (specialized processing within interconnected brain regions) and integration (of different brain areas in terms of functional and effective connectivity) (Friston, 2009; Rubinov et al., 2009; Tononi, Edelman, & Sporns, 1998) . Optimal brain function occurs when there is balance between segregation and integration, which is vital for effective information processing and synthesis (Liu et al., 2008; Tononi et al., 1998) . Previous research in SZ and other psychiatric disorders has demonstrated disrupted balance between segregation and integration within the functional brain network (Liu et al., 2008; Lynall et al., 2010; Rubinov et al., 2009; Wang et al., 2016) .
The HR population provides an unique opportunity to identify vulnerability and resiliency factors when comparing them with affected individuals and healthy controls (HCs) . Similarities between HR and disease samples may reflect vulnerability markers whereas differences may reflect resiliency markers. The lifetime prevalence of SZ in general populations varies in different populations but is approximately 1%.
First-degree relatives of individuals with SZ (HR individuals) have
almost a 10-fold increased risk of developing SZ and their lifetime prevalence is 13% (Tsuang, 2000) . However, despite the increased genetic risk, most HR does not later develop SZ. Prior studies have found similarities between SZ and HR in alterations of functional brain network (Li, Xia, Bertisch, Branch, & Delisi, 2012) . They have also shown functional connectivity alterations that potentially indicate protective factors in HR (Anticevic et al., 2014; Liu et al., 2016) and the presence of resiliency features in HR (Chang et al., 2016) . At present, the relationship between illness onset, genetic susceptibility, and resilience and their underlying mechanisms remain unclear. While the balance between segregation and integration within the functional brain network is disrupted in SZ, it is unclear whether impaired balance is also observed in HR. Further studies are needed to further understand brain network alterations in SZ and HR.
Degrees of segregation and integration could be reflected in physical distance-dependent connectivity within functional networks, with short-range connections reflecting segregation and long-range connections reflecting integration, and this could lead to the discovery of explicit alteration regions (Aerts, Fias, Caeyenberghs, & Marinazzo, 2016a; Yu, Sui, Kiehl, Pearlson, & Calhoun, 2013) . Study of SZ and HR could identify dynamic changes in functional segregation and integration related to disease vulnerability and resilience in SZ. Brain network function is heavily influenced by neurodevelopment processes (Barthélemy, 2011; Ghisleni et al., 2015) . These processes appeared to be dependent on the distance range of neural connections. As children develop, short-range connections shift to more long-range connections (Dosenbach et al., 2010; Fair et al., 2007; Fair et al., 2009) Recent studies have found alterations in distance-dependent connectivity in SZ (Alexander-Bloch et al., 2013; Lo et al., 2015) and HR (Guo et al., 2014) . However, the findings in HR are inconsistent (Guo et al., 2014; Shi et al., 2012) . This may relate to differences in parcellation approaches and brain parcellation atlases used (Wang et al., 2009 ). In addition, atlas-based parcellation of functional brain networks would provide insight for connections between parcellated regions but not within them. Prior network studies have primarily focused on vulnerability but not resiliency markers (Lo et al., 2015) .
In this study, we used voxel-based graph analysis of resting-state functional magnetic resonance imaging (R-fMRI) to minimize parcellationdependent effects on brain networks and examine connections between and within regions. Specifically, we examined: (a) small worldness (a measure of the balance between segregation and integration), (b) whole-brain functional connectivity based on connectivity distance, and (c) distance strength maps to understand alterations in functional brain network of SZ and HR. We hypothesized that SZ and HR have altered functional connectivity distance, which could suggest abnormal segregation and integration, and changes in HR would reveal the dynamic changes in vulnerability and resilience to SZ.
| MATERIALS AND METHODS

| Participants
A total of 481 participants (ages 13-45 years) were included in this study, including 159 SZ, 95 HR, and 227 HCs. SZ and HR participants were recruited from the inpatient and outpatient services at 
| MRI acquisition
MRI data were acquired in a GE Sigma HD 3.0T scanner (General Electric, Milwaukee, WI) with a standard eight-channel head coil at the Participants were instructed to rest and relax with their eyes closed but remain awake during scanning.
| Data preprocessing
Preprocessing of all R-fMRI images was performed using SPM12
(www.fil.ion.ucl.ac.uk/spm/) and DPARSF (Yan & Zang, 2010 head motion parameters (Friston, Williams, Howard, Frackowiak, & Turner, 1996) , white matter, cerebrospinal fluid, and global signals, were regressed from the BOLD time series for all voxels. Finally, temporal band-pass filtering (0.01-0.1 Hz) was applied to the regressed fMRI data.
| Network construction
Individual functional network construction was constrained at a voxel level within a gray matter (GM) mask of 45,381 voxels, which was generated by extracting overlapping voxels in the automated anatomical labeling template (Tzourio-Mazoyer et al., 2002) and the thresholded prior GM probability map (>0.2) provided by SPM12. We computed Pearson's correlations between all pairs of nodes (i.e., GM voxels), resulting in a 45,381 × 45,381 correlation matrix for each subject. These individual correlation matrices were further binarized with a density threshold of 1%, corresponding to remaining the 10,296,948 edges with top positive strength. 
| Global network measurement σ
We calculated global network measurement σ (small worldness) for each subject. σ is a measure of the balance segregation and integration (Aerts, Fias, Caeyenberghs, & Marinazzo, 2016b) . The network construction and calculation of global network measurement were carried out using PAGANI toolkit (https://www.nitrc.org/projects/ pagani_toolkit/) based on a hybrid CPU-GPU framework ).
| Distance-dependent distribution of network connections
After network construction, we calculated the Euclidean distance, dij, as an approximate anatomical distance of functional connectivity between Voxels i and j. Then, we divided whole-brain functional connectivity based on anatomical distance into 18 distance bins in increments of 10 mm Euclidean distance ranging from 0 to 180 mm (the longest distance between voxels in the GM mask). We performed subsequent analyses in Bins 1-14 (0-140 mm) as Bins 15-18
(140-180 mm) only accounted for less than 2% of the total connectivity. Finally, we counted the number of edges within each distance bin for each subject and compared them across groups.
| Regional distance strength
For each distance bin, we calculated the distance strength for each node to further examine specific regions with altered distancedependent connectivity. The distance strength of a given node was calculated as the total length of the edges linking to this node within the connectivity distance range, capturing both the number of connections and approximate physical cost. Individual distance strength maps were generated for each distance bin and were compared across groups in a voxel-wise fashion.
| Statistical analyses
Group effects on clinical variables, connections in distance bins, and distance strength maps were examined using one-way analysis of covariance (ANCOVA) with age and gender as covariates. Significance for analyses of demographic and clinical characteristics, and global network measurement σ was set at p < 0.05. For the analyses involving multiple distance bins, false discovery rate (FDR) correction was applied for multiple comparisons, and significance was set at a corrected p < 0.05. Analyses of distance strength maps were performed in a voxel-wise manner and significance was set at voxel-level inference of p < 0.001 with Gaussian random field correction for clusterlevel inference of p < 0.05. Post hoc analyses were performed between SZ, HR, and HC using a general linear model for significant group effects in the ANCOVA analyses. For each cluster with significant three-group difference in Bins 1 and 8 (0-10 and 70-80 mm, respectively; analyses for other bins can be found in Appendix S1, Supporting Information), distance strength values were extracted and analyzed in pairwise two sample t tests, FDR correction was applied for multiple comparisons and significance was set at a corrected p < 0.05. To explore distance strength differences between the HR and HC, two-sample t test was performed using the ANCOVA results as masks on the individually distance strength maps with age and gender as covariates. Statistical significance was set at voxel-level inference of p < 0.01 with Gaussian random field correction for cluster-level inference of p < 0.05.
Analyses were also performed to examine the effects of age, education, clinical and cognitive variables measures on range-dependent strength for the significant clusters of Bins 1 and 8 found in the threegroup analyses in Bins 1 and 8 (Appendix S1, Supporting Information).
Due to a wide age range in the present sample (13-45 years), univariate analyses of variance were performed to assess potential diagnosis by age interactions in extracted distance strength values.
3 | RESULTS
| Demographic and clinical data
There were no significant differences in age among the SZ, HR, and HC groups. Significant differences were observed in sex (degrees of free- Table 1 ) and education (df = 2, χ 2 = 1.703, p < 0.001, Table 1 ). Significant differences were observed in BPRS and WCST scores among the three groups (Table 1) . Post hoc analyses showed that BPRS scores were significantly increased in SZ, compared to the HR and HC groups (df = 1, p < 0.001) but not significantly different between HR and HC. WCST scores were lower in SZ than HR (df = 1, all p's < 0.005), and in HR than HC (df = 1, all p's < 0.01) except in perseverative errors (p = 0.059).
| Global Network Measurement σ
Significant group effects were observed in global network measurement σ in the three group analysis (df = 2, p < 0.001) in descending order from HC to HR to SZ in mean values (Figure 1 ). Post hoc 
| HR-specific changes
There was no HR-specific change. There was no significant interaction between diagnosis and age on the distance strength.
The details of the effects of age, education, clinical, or cognitive variables on distance strength can be found in Appendix S1, Supporting Information.
FIGURE 2 Distance-dependent differences in amounts of network connections among three groups. Group effects on number of functional connections in each distance bin were detected by one-way analysis of covariance. Significance level was set as p < 0.05 with false discovery rate correction for multiple comparisons. ***, p < 0.001; **, p < 0.01. HC = healthy control; HR = high risk; SZ = schizophrenia [Color figure can be viewed at wileyonlinelibrary.com]
| DISCUSSION
To the best of our knowledge, this is the first study of the functional brain network in SZ and HR using a voxel-wise approach. In this study, we observed altered balance between network segregation and integration in SZ with relatively preserved balance in HR. We found significant group differences in short-range connections (0-30 mm) and long-range connections (40-80 mm). We also found significant differences in short-range distance strength primarily in the primary sensory, motor, and their association cortices, as well as the thalamus and in medium/long-range distance strength primarily in the PFC in the three-group comparison. Specific to SZ, we found decreased shortrange distance strength and increased medium/long-range distance strength. Furthermore, we observed similarities and differences between SZ and HR. SZ and HR were similar in of short-range distance strength in right lingual and left postcentral gyrus, and different in medium/long-range distance strength in left OFC.
Decreased short-range distance strength found herein suggests diminished segregation of neural processing in the primary sensory, motor, and their association cortices and thalamus in SZ, and anticorrelations that were not originally present in the modeled data could be introduce after global signal regression (Anderson et al., 2011; Saad et al., 2011) . Furthermore, there is less neurophysiological understanding for negative connections than positive ones (Rubinov & Sporns, 2010) . In this study, we removed negative connections from the network to avoid interference (Murphy & Fox, 2016) .
Second, Guo et al. divided short-and long-range connections into two or specific network, which reflects the overall changes in whole brain or specific networks. In this study, the distance strength was calculated for each node, which reflects more refined changes in the brain.
In addition, Guo et al. localized single connections with group-specific abnormalities, whereas this study localized specific regions with altered distance-dependent network connectivity. There were also some clinical differenced. In the study of Guo et al., the participants were older, and had higher rates of medication, a less marked group difference in education as well.
Alterations specific to SZ observed in this study may indicate disease-related functional network impairments. The thalamus is a critical hub for multiple brain pathways implicated in processing of sensorial, visual, and motor inputs (Pergola, Selvaggi, Trizio, Bertolino, & Blasi, 2015; Starke, Ball, Heinze, & Noesselt, 2017) . The PFC is the key cortical region supporting human high-order cognitive function (Amodio & Frith, 2006; Ramnani & Owen, 2004) and have function in the integration of sensory information from different modalities (Kolb et al., 2012) . Diminished segregation in the primary sensory and their association cortices and thalamus may cause abnormal sensory input to the PFC, and overintegration in the PFC could lead to impaired information integration resulting in abnormal output.
Furthermore, Kolb et al. (2012) implicate cortical output as components of feedback loops within the brain, suggesting that altered outputs of the motor cortex may also feedback onto sensory processing.
The similarities between SZ and HR found herein may implicate genetic susceptibility to SZ involving right lingual gyrus and left postcentral gyrus. Lin et al. (2017) identified the lingual gyrus as a genetic risk region in SZ. The postcentral gyrus consists of the primary somatosensory cortex, and previous studies have found functional changes in the postcentral gyrus in early onset SZ and HR (Jiang et al., 2015; Liu et al., 2017; Tang et al., 2015) . We consider these changes in short-range connections as vulnerability to SZ that are not sufficient for disease expression. Neurological soft signs, which typically precede disease onset, have been associated with structural and functional abnormalities of primary cortex (Dazzan et al., 2004; Zhao et al., 2014) . We speculate that changes in the postcentral gyrus are associated with neurological soft signs in HR; however, we did not collect data to examine this relationship in the study.
The differences between SZ and HR involving the OFC could reflect resiliency to SZ. In contrast to SZ, HR had decreased medium/-long-range distance strength in the left OFC that were even lower than HC. Diminished integration of the PFC could reduce the effect of inaccurate input due to subtly impaired segregation. Diminished integration of the PFC in HR may represent an adaptive response to diminished segregation of the primary cortex to maintain relative balance of network segregation and integration.
While not specifically examined in this study, the present results may be causally linked to the reduction of glutamatergic neurotransmission (Goff & Coyle, 2001 ) and reduced GABA in the PFC (Gonzalez-Burgos & Lewis, 2008; Lewis, Hashimoto, & Volk, 2005) reported in SZ. Dynamic changes of network characteristics (Barthélemy, 2011; Ghisleni et al., 2015) appeared to be dependent on neurotransmitter milieu. Neurotransmitters, which include inhibitory and excitatory ones, are mainly GABA or glutamate (Glu)-ergic, respectively. It has been shown that Glu mediates the reduction of short-range connections within subcortical regions including the thalamus, whereas GABA or GABA-dopamine interaction may shape longrange connections in the frontal lobe (Ghisleni et al., 2015) . The resultant normative brain architecture is a balance between short-and long-range connections, with predominant short-range connections within the primary sensory and motor cortical areas, and subcortical regions such as thalamus, and predominant long-range connections in heteromodal cortices, consistent with our findings (Sepulcre et al., 2010) . These characteristics suggest that there is an optimal balance between network segregation and integration for information processing (Glausier & Lewis, 2013) . Further studies are needed to confirm these postulations.
There were several limitations in this study. First, there was a relatively wide age range in the sample (13-45 years). Thus, developmental influences may confound our findings. However, we performed analysis to test for interactions between age and diagnosis and found no significant interaction between diagnosis and age on the distance strength. In addition, there were no significant differences in age among the SZ, HR, and HC groups. Second, there may be confounding effects of medications in the study (Ho, 2011) . Future studies in medication naïve patients are needed to clarify these issues. Third, matching of the samples among groups was not very well. Sex, handedness, and education level showed significant differences across groups. However, we have performed analysis to test for interactions between sex and diagnosis, handedness and diagnosis, and education level and diagnosis. And we found there was no significant interaction between gender and diagnosis and between handedness and diagnosis on distance strength. There was also no significant interaction effect of diagnosis × education level on distance strength after FDR corrected. Furthermore, a moderate sample size might mitigate these issues and future studies with matched groups are needed to clarify these issues. Finally, the study was cross sectional. Longitudinal studies of HR individuals are needed to monitor brain alteration in relation to SZ onset to identify vulnerability versus resiliency markers in SZ development.
Specifically, education has important influence on brain function.
The educational differences between groups may confound our findings. However, we found that regions of significantly alter distance strength did not show significant correlation with education in each group, and regions did not show significant interaction effects after FDR correction. Furthermore, means of distance strength values in HR and SZ groups stratified by low and high education level had similar trends as the combined groups when compared to HC. As we know, education do has the effect on brain function, and mainly improved cognitive function. In a study by Arenaza-Urquijo et al. (2013), education mainly correlated to functional connectivity within the limbic system and heteromodal cortical areas (angular gyrus), which was itself associated with improved cognitive performance. However, we mainly found decreased short-range connectivity in the primary and their association cortices, and increased medium/long-range connectivity in the PFCs in SZ, suggesting these alterations largely relate to the disorder.
Regions affected by education of brain function might be inconsistent with regions affected by disease, and we think that the effect of education was relatively small on our findings.
| CONCLUSION
In summary, the present study found impaired balance between network segregation and integration in SZ with relative preservation in HR. We found significant differences of connectivity distance in multiple brain regions among the SZ, HR, and HC groups. We also found similarities and differences between SZ and HR as well as alterations specific to SZ. These findings may reflect to dynamic changes in network segregation within primary cortices as well as integration within the PFC and indicate disease, vulnerability, and resiliency markers in SZ. Identification of such markers could improve prediction of psychotic conversion in HR individuals and contribute to the development of more effective diagnosis and early intervention in SZ.
